The photoelectron spectra of ͑H 2 O͒ n=2-69 − and ͑D 2 O͒ n=2-23 − are presented, and their spectral line shapes are analyzed in detail. This analysis revealed the presence of three different groupings of species, each of which are seen over the range, n = 11-16. These three groups are designated as dipole boundlike states, seen from n = 2 -16, intermediate states, found from n = 6 -16, and bulk embryonts, starting at n = 11 and continuing up through the largest sizes studied. Almost two decades ago ͓J. V. Coe et al., J. Chem. Phys. 92, 3980 ͑1990͔͒, before the present comprehensive analysis, we concluded that the latter category of species were embryonic hydrated electrons with internalizing excess electrons ͑thus the term embryonts͒. Recent experiments with colder expansion ͑high stagnation chamber pressures͒ conditions by Neumark and coworkers ͓J. R. R. Verlet et al., Science 307, 93 ͑2005͔͒ have also found three groups of isomers including the long-sought-after surface states of large water cluster anions. This work confirms that the species here designated as embryonts are in the process of internalizing the excess electron states as the cluster size increases ͑for n ജ 11͒.
INTRODUCTION
The collective interactions of water molecules are important in solvating an electron in bulk water, as is implied by the observation that an isolated water molecule will not attach an electron.
1,2 Due to such interactions, there is an enormous reduction in the photon energy required ͓6.5 eV ͑Ref. 3͒ and 6.4 eV ͑Ref. 4͔͒ to produce the hydrated electron in bulk water, e − ͑aq͒, versus the photon energy required ͓12.6 eV ͑Ref. 5͔͒ to produce e − ͑g͒ from an isolated water molecule, i.e., to ionize it. Collective interactions enable the electron to exist in states that are less localized than, for instance, the valence orbitals of water molecules. These less localized states range from the ground state, bulk hydrated electron, which is thought to have a radius of gyration 6 of 2.4 Å at room temperature, to less localized p-like excited states, to delocalized conduction band electrons. Hydrated electron clusters are valuable probes for following the development of the collective interactions of solvation, since ͑H 2 O͒ n − cluster species must grow into e − ͑aq͒ as n → ϱ. Photoelectron spectra are recorded by crossing a fixed frequency laser beam ͑488.0 nm or 2.541 eV in this work͒ and a mass selected beam of anions. Photodetached electrons are counted as a function of electron kinetic energy which is recast as electron binding energy by the difference between the photon energy and the measured electron kinetic energy. Experimental conditions have been given previously. [7] [8] [9] [10] The full line shapes of various species in the photoelectron spectra of hydrated electron clusters have been characterized in this work, as compared with our original presentations of the same data [7] [8] [9] [10] which focused only on peak centers of the dominant spectral features. This approach allows the spectra of different isomeric species to be untangled and their relative intensities to be quantified. The electron binding energies of the isomeric species that we observed fall into three groups which we denote as dipole boundlike, intermediate, and bulk embryonts ͑species which grow smoothly with size into the bulk hydrated electron͒. This evolution reveals a general role for dipole binding and diffuse electron states in the formation of hydrated electrons. In the course of this work, we have also identified vibrational peaks in the blue asymmetric tails of these spectra. The behavior of these peaks with cluster size and upon deuteration, as well as the similarity of the photoelectron line shapes to absorption line shapes, provide new experimental clues to the molecular nature of the blue asymmetric tail of bulk hydrated electron absorption spectra. Most importantly, the results presented here have important consequences for our understanding of the energetics of bulk water in the region of the conduction band and enable the extrapolation of the entire photoelectron line shape to bulk. These latter two topics will be subjects of a subsequent paper. This paper is organized as follows. It begins with a description of the line shape fitting functions utilized, followed by a presentation of the fitted spectra and a tabulation of the line shape parameters. Next, the electron binding energies of all peak centers are plotted against n −1/3 ͑where n is the number of water molecules in the cluster͒ in order to see the grouping of various species and to identify the nature of each group. Then, we discuss several issues associated with line shapes including the engulfing of vibrational peaks and the possible meaning of the similarity between photoelectron and absorption line shapes. Finally, we discuss surface versus internal excess electron state issues which bear directly on the applicability of extrapolating these results to bulk. In effect, the present paper is a full paper, work up of data which we had previously published only in brief communicationlike venues.
FITTING CLUSTER ANION SPECTRA TO THE GAUSSIAN-LORENTZIAN EMPIRICAL FORM
The photoelectron spectra were fit with a simple Gaussian-Lorentzian, empirical fitting function 6 that is well known to give good fits to the bulk absorption spectrum of e − ͑aq͒. Ultimately, the justification for this is that it works very well, i.e., there are almost no systematic deviations and the standard deviation of the fit is consistent with the noise in the data. It may seem surprising that the same empirical functional form 6 works for both the wavelength-fixed photoelectron spectra and the wavelength-scanned absorption spectra of hydrated electrons, but it is certainly not a coincidence as it works over the whole range of cluster sizes. We speculate that both the absorption and photoelectron spectra are dominated by the projection of the excess electron, ground state, solvent configurations onto the excited state curves in a solvation coordinate, i.e., by the Franck-Condon factors of solvent orientation. The photoelectron line shape parameters are determined in this work so they may be compared to absorption line shapes ͑regarding the nature of the excited states͒ in a subsequent paper.
Typically, the spectra of hydrated electron species are dominated by a single peak, i.e., the electronic origin, which is sometimes accompanied by smaller vibrational features of the neutral product. The fitting function, I͑E͒, for the electronic origins has a Gaussian form to the low electron binding energy side of the origin peak and a Lorentzian form to the high electron binding energy side. All origins were fit using the first term on the right hand side of Eq. ͑1͒, and any vibrational features were fit by adding one or more Gaussians ͑indexed by i͒ to the origin as follows:
where E max is the energy position of the origin's intensity maximum ͑vertical detachment energy͒, G is the Gaussian standard deviation characterizing the origin's width on the low energy side of the peak ͑full width at half maximum divided by 2.354 for a full Gaussian line shape͒, L is the origin's Lorentzian width parameter characterizing the high energy side ͑half width at half maximum for a full Lorentzian line shape͒, and A is the intensity maximum. The subscripted index ͑i͒ distinguishes the Gaussian parameters of the vibrational peaks ͑E max,i , G,i , and A i ͒ from those of origins. Since bulk hydrated electron absorption spectra are known to have been fit with multiple combinations 11 of Gaussians and Gaussian-Lorentzian line shapes, it is important to point out that the photoelectron line shapes of these species have not been observed to change with any variations of ion source conditions ͑no resolved negative ion vibrations͒ and corresponding isomer populations, i.e., there is no evidence for other isomers in the smooth tails of these line shapes. Deuteration was key in distinguishing the peaks that were observed in the tails as vibrational. To illustrate the importance of deuteration, note the two higher electron binding energy peaks in the dimer anion spectra ͑top of Fig. 1͒ . They shift dramatically with deuteration showing that they are vibrational in nature ͑a H-O-H bend and an O-H stretch͒, while the lowest electron binding energy peak barely shifts indicating that it is an electronic origin. The FIG. 1. Full range, simultaneous fits of all species in ͑H 2 O͒ n − ͑n =2, 3, 6, 7, 10-15͒ photoelectron spectra ͑solid line͒. The data were recorded with 2.540 eV laser photons, 8.5 meV bins in electron binding energy, and a resolution of 0.020 eV in electron binding energy. Fully deuterated spectra are overlapped with their corresponding nondeuterated spectra in order to identify origins and vibrational features and to show the increase in intensity of the lower electron binding energy species upon deuteration. Decomposed peak shapes are shown with dotted lines. Origins were fit to the same empirical form used to fit the hydrated electron's bulk absorption spectrum, namely, a Gaussian to the low binding energy side of the maximum and a Lorentzian to the high binding energy side as given by Eq. ͑1͒.
vibrational peaks identified in the spectra at larger cluster size are all O-H stretches that shift relative to the origins by a factor of ͱ 2 on average. The deuterated spectra have been placed directly underneath the nondeuterated spectra in Figs. 1-3 so that readers can independently inspect the isotopic shifts. Since many spectra displayed multiple types of species, i.e., multiple electronic origins were evident upon deuteration, they were simultaneously fit with each species represented by its own set of Eq. ͑1͒ parameters. The photoelectron fit parameters are given in Tables I-III ͑a different table for each identified group͒, while the fitted spectra are given in Figs. 1-3 . If no L parameter is given in the table, then that peak is vibrational and was fit to a Gaussian, rather than the Gaussian/Lorentzian form of the first term in Eq. ͑1͒. The fitted line shape of each peak was numerically integrated and the fractional contribution of each peak's area to the total is tabulated in the final column of Tables I-III.
IDENTIFYING AND GROUPING SPECTRA
All photoelectron peak centers ͑E max ͒ in the cluster data set have been plotted against n −1/3 in Fig. 4 . The parameter n −1/3 is proportional to the inverse of cluster radius. It has the value of one when there is a single water molecule in the cluster and the value of zero when an infinite number of water molecules are present, as at bulk. The peaks fall into groups ͑circled and labeled in Fig. 4͒ by virtue of their energetics and trends with cluster size. Note that we see as many as three different types of species in a single photoelectron spectrum in the size range of n ഛ 16.
The first group is identified as dipole boundlike states by virtue of their very small electron binding energies, and the fact that their smallest members ͑n =2,3͒ are well characterized as ground state, dipole bound anions with diffuse electron clouds. [7] [8] [9] [10] [12] [13] [14] Species in the dipole boundlike group exhibit a relatively flat trend in electron binding energy with increasing cluster size and are observed in the range of n = 2 -16. Their integrated spectral areas go from 100% at n = 2 to 0% for n Ͼ 16, as these species give way to more stable species with increasing cluster size. The hydrated electron clusters at n = 2, 3, 6, 7, and 10 have more mass-spectral abundance than their adjacent size cluster anions, and similar results to this work have been observed by Kim et al. 15 In addition, however, they 15, 16 have also contributed photoelectron spectra of the less abundant sizes at n =3, 4, 5, 8, and 9 including multiple isomers where the species they labeled 15 as isomer I correspond to this group. They observed three weakly bound species, described as diffuse-electron states, at n =4 ͑Ref. 16͒ suggesting the possibility of more discriminating classifications of these species. This grouping has also been recently studied by Verlet et al. 17 with still colder expansion conditions ͑due to higher expansion pressures than we had used͒, where they observed low electron binding energy species in ͑D 2 O͒ n − from n =11-35 ͑called isomer III by them͒. Thus, members of this grouping are now available from n = 2 -35. Notably, Johnson and co-workers have measured infrared spectra for numerous small-sized clusters 18, 19 ͑particularly with argons attached for cooling͒ yielding detailed structural information and the opportunity for comparison with theoretical calculations of diffuse-electron, hydrogen-bonding networks, such as those of K. S. Kim and co-workers 15, [20] [21] [22] [23] [24] and Jordan and co-workers. 25, 26 The second group, the intermediate states, has electron binding energies that are intermediate between the dipole boundlike states and those of the most stable group. Candidates for these species have been considered theoretically 21, 26, 27 and experimentally. 26 They appear in the present work in the range of n = 6 -16, they dominate at n = 6 and 7, and they give way to a more stable group in the range of n = 11-16. Kim et al. 15 obtained similar results to this work at n = 6, 7, and 10 ͑they called these isomer II͒ and have also found intermediate species at n = 3, 5, 8, and 9. The work of Verlet et al. with cold expansions 17 found intermediate species from n = 11-200 ͑called isomer II͒. They observed a transition over the range of n = 20-50 suggesting the need for yet more discriminating classifications of these species. Their work overlapped with the present studies in the range of ͑D 2 O͒ n − with n = 11-23. Notably, both studies find the same three isomers at n = 11 and 13, providing further justification for the general classification into three groups. At the smaller intermediate isomer sizes, infrared spectra have also been recorded, 18, 26, 28 and there is the prospect of detailed structural information by comparison to theoretical calculations. 18, 20, 22, 25, 26, 29 More "strongly bound surface states" have been observed in simulations where "surface states are localized within what might be called surface cavities" 30 Such structures may correspond to the larger clusters in this grouping. The larger intermediate cluster anions have been suggested 17 to arise from "electron attachment to ice nanocrystals," where solvent rearrangements to more-internalized forms have been inhibited by low temperatures. In general, the intermediate species are favored by deuteration and lower temperatures which suggest a kinetic role in their observation over more internalized structures.
We designate the third group as bulk embryonts because their properties grow smoothly with increasing cluster size into those of the bulk hydrated electron. They start at n =11 ͑or possibly at 10͒ and dominate at all larger sizes under the conditions of our ion source ͑as examined up to n =69͒. This group has an electron binding energy versus cluster size trend that is very close to that expected of bulk-correlated hydrated electron cluster species ͑based on the dielectric properties of ice or water͒. 8, 31 Verlet et al. 17 have extended the range of this group with ͑D 2 O͒ n − from n = 11 to 125. Warmer source conditions favor this group and the larger TABLE I. Line shape fit parameters of the dipole boundlike group for ͑H 2 O͒ n − and ͑D 2 O͒ n − photoelectron spectra as defined in Eq. ͑1͒. Spectra were fit from 0 -2.2 eV in electron binding energy above which one can see evidence of reduced electron transmission. The peaks are identified as "origin" for the transition from the anion's ground vibrational state to the neutral's ground vibrational state, and "bend" or "stretch" for transition from the anion's ground state to the neutral's vibrational excited state. Estimated standard deviations from the fitting procedure alone are given in parenthesis as the least significant figures. These errors underestimate the actual errors as judged by global fits of the parameters. If no value for L is given, then the peak was fit to a Gaussian rather than a Gaussian/Lorentzian form. cluster sizes in their work follow the same bulklike trend that was observed in the original photoelectron experiments of Coe et al. 8 Clearly, excess electrons in water clusters sense multiple minima on their potential energy landscapes. The recent high stagnation pressure studies of Verlet et al. confirmed the photoelectron features that we had observed and contributed many more, most notably the surface states of the large water cluster anions.
LINE SHAPE ISSUES
The peaks ͑identified as dipole boundlike, intermediate, or bulk embryont͒ shift in energy very little upon deuteration as expected for electronic origins. However, an additional group of peaks has been identified in Fig. 4 as vibrational in character because they shift systematically upon deuteration. The energy difference between the vibrational peaks and their corresponding origins defines a vibrational frequency which is plotted ͑in units of cm −1 ͒ in Fig. 5 versus cluster size. At small cluster sizes, n = 2, 3, 6, 7, and 11, the vibrational spacing corresponds to an O-H stretch and the trend with cluster size is flat. By n = 11, however, the vibrational spacing in the bulk embryont group begins to smoothly diminish with increasing cluster size until it is eventually engulfed by the Lorentzian broadening of the electronic origin. There is a significant ͱ2 isotope effect at all sizes where a vibrational peak has been found. Since, it becomes statistically difficult to identify the vibrational peak as cluster size increases, clusters in the range of n = 20-30 were fit both with and without a vibrational peak and both results are given in Table III ͑see "alt. fit"͒. Above n = 30, the vibrational peak could not be discerned from the Lorentzian tail. Solvation of ions generally localizes charge and vibrational frequencies of the anionic chromophore will shift to their condensed phase values with increased clustering. The current observations, with an electron rather than molecular anion, constitute the reverse of such general expectations ͑not seen before in photoelectron studies͒ and may represent a signature of electronic-vibrational mixing. More evidence for electronic-vibrational mixing comes from the effect of deuteration on the line shape of the photoelectron spectra. Deuteration has no effect on the low energy, Gaussian side of the line shapes, but produces an average reduction in the width of the blue asymmetric tails ͑ L ͒ of the cluster photoelectron spectra by ϳ0.06 eV ͑even after vibrational peaks are no longer discernible͒, which is similar to that of the bulk hydrated electron's absorption spectrum. Additionally, the resonance Raman spectra of the bulk hydrated electron recorded by Tauber and Mathies, 32 as well as enhancements in IR spectral intensities seen in spectra of hydrated electron clusters by dissociation techniques, 18, 33 provide further evidence of strong electronic-vibrational mixing. The above observations are relevant to a molecular explanation of the much-debated, blue asymmetric tail in the bulk absorption spectra of the hydrated electron. We now suspect that the blue asymmetric tailing is not due to the embedding of excited p states in the continuum, but rather to a common, ultrafast solvent response upon photoexcitation to either a less-localized p state or the conduction band. The- III. Line shape fit parameters of the bulk embryont group for ͑H 2 O͒ n − and ͑D 2 O͒ n − photoelectron spectra as defined in Eq. ͑1͒. The peaks are identified as "origin" for the electronic origin or as "bend" or "stretch" if they are vibrations. Estimated standard deviations from the fitting procedure alone are given in parenthesis as the least significant figures. These errors underestimate the actual errors as judged by global fits of the parameters, but they provide a good sense of relative variations through the data set. Globally, we find the estimated standard deviations of E max , G , and L , and L to be 0.035, 0.013, and 0.06 eV, respectively. If no value for L is given, then the peak was fit to a Gaussian rather than a Gaussian/Lorentzian form. For n Ͼ 16 there was only one species present in each photoelectron spectrum, but it was often fit with and without a vibrational feature as indicated with "alt. fit." oretical treatments face the challenge of a non-BornOppenheimer linking of electronic and vibrational degrees of freedom in this problem. To further explore this point, consider the unexpected similarity of the photoelectron spectral line shapes to bulk hydrated electron absorption line shapes. A frequencyscanned absorption ͑or photoemission͒ spectrum might be expected to have an integrated appearance compared to a fixed-frequency photoelectron spectrum which is further mediated by the gradual energy dependence of the transition moment integral. The similarity indicates that certain phenomena are commonly at work in defining the shape of both where n is the number of waters. Dipole boundlike species are plotted with squares, intermediate species with diamonds, and bulk embryonts with circles. All ͑H 2 O͒ n − species are plotted with filled symbols, while ͑D 2 O͒ n − species are plotted with open symbols. From n = 2 to 11, the vibration appears to be that of an asymmetric O-H stretch͑s͒. From n = 11, the vibrational interval reduces until the vibrational peak cannot be extracted from the origin at n = ϳ 30. The spacing always reduces upon deuteration by ϳͱ2.
Species
the absorption and photoelectron spectra. We propose that both the absorption and photoelectron spectra are dominated by the projection of the excess electron ground state solvent configurations onto the excited state potential curves in a solvation coordinate, i.e., by the Franck-Condon factors of solvent orientation. There is more to this similarity than just the general line shape. Solvent reorganization energies for removing an electron from water clusters are substantial in this system ͑estimated as ϳ0.7 eV at n =11 to ϳ1.7 eV at n = ϱ͒ suggesting a possible role for relaxation of solvent configuration about charge upon excitation of the excess electron in the Lorentzian tails. At any given cluster size, the Lorentzian tails of the photoelectron spectra have the same value as the action/absorption spectra of Ayotte and Johnson. 33 The photoelectron line shape is the same as the absorption line shape at n = 11, and then gradually separates as a p state gradually stabilizes [34] [35] [36] [37] relative to the conduction band with increased cluster size. The blue asymmetric tails persist whether p states or the conduction band are accessed suggesting a nuclear motion component to the spectral tailing. These issues will be examined in more depth in a subsequent paper.
SURFACE VERSUS INTERNAL STATES IN HYDRATED ELECTRON CLUSTERS
Almost two decades ago, we recorded the first photoelectron spectra of water cluster anions, ͑H 2 O͒ n − , for n = 2 -69. For n ജ 11, we found that a plot of our measured vertical detachment energies versus n −1/3 extrapolated to reasonable bulk hydrated electron values with a predictable slope ͑based on the dielectric continuum equation presented by Landman and co-workers 38,39 ͒. We interpreted this behavior 8, 9 as suggesting that by n = 11, these species had become embryonic hydrated electrons and that their excess electrons were either already internalized or beginning the process of internalizing. Certainly, for n ജ 11, the data implied some sort of significant kinship between water cluster anions and the bulk hydrated electron, realizing of course, that size effects would remain prevalent until very much larger sizes were reached.
This interpretation, however, disagreed with the pioneering quantum path integral, molecular dynamics simulations 30, 39 of Landman and co-workers, as well as recent work by Turi et al. 40 Admirably, these investigators have taken on one of the most challenging theoretical problems in chemical physics, simultaneously tackling both diffuse electron states and many-body interactions in water. The calculated surface state vertical detachment energies ͑VDEs͒ of Landman and co-workers agreed with our measured bulk embryont VDEs over the n = 11-20 size regime. Thus, based solely on a quantitative match between our measured VDEs and their calculated values, they proposed that we had observed surface and not internal states. This interpretation, based on a quantitative correspondence, was made despite the fact that calculated internal state VDEs extrapolated to a highly unrealistic bulk value with an equally unrealistic n −1/3 slope. 41 Verlet et al. have shown 17 ͑see Fig. 3 in reference͒ that scaling by 60% gives a good correspondence with the experimental data. Similarly, the interior states of Turi et al. have an n −1/3 slope of ϳ12 eV ͑about twice the 5.6 eV dielectric limit in water 31 ͒. The calculations of Landman and co-workers predicted the size range over which the transition from surface to internal excess electron states should occur. Initially it was found to occur between n = 32-64, 39 but subsequent work 30 suggested that the transition was occurring at n Ͼ 60. 30 Since the predicted energy differences between the vertical detachment energies of internal versus surface states at a given size would be easily discernible experimentally, such a transition should have been evident as a discontinuity in plots of measured vertical detachment energy versus cluster size, n. However, neither our vertical detachment energy measurements 8 of the predominant species ͑bulk embryonts͒ from n = 11-69, nor the action/absorption spectral maxima of Johnson and co-workers 33, 42 from n = 11-50 showed such a transition. Colder source conditions due to higher nozzle expansion pressures favor surface states 17 suggesting a kinetic barrier at low temperatures to the solvent reorientation associated with electron internalization, i.e., the warmer conditions of our experiment allow the solvent reorganization associated with internalization. In our warmer experiments, all three groups of species are in evidence in the size range of n = 11-16. Thus, this is a critical region where such species are likely to have comparable free energy. Examining the full range/full line shape fits of Table I , one can identify 15 species ͑counting both light hydrogen-and deuteriumcontaining species͒ that qualify as part of the dipole boundlike group. Dipole bound species are now well known and have been explored in a number of experimental 43, 44 and theoretical studies. 13, 45 This group of species is represented at sizes, n = 2, 3, 6, 7, 10-14, and 16 ͑and at n =2-11 in work by Kim et al. 15 and at n = 11-35 in studies by Verlet et al. 17 ͒. As in the light hydrogen-based spectra, the integrated relative peak areas in the deuterated spectra exhibit a trend that starts at 100% for n = 2 and falls to 0.7% in the spectrum of n = 16. The dipole boundlike group gives way to more stable species as cluster size increases, and disappears, under our source conditions, for n Ͼ 16. In addition, 12 other species are observed that are grouped as intermediate states at n =6, 7, 10-14, and 16 ͑and at n =3-11 by Kim et al. 15 and up to n = 150 by Verlet et al. 17 ͒ However, under our warmer source conditions, both the dipole boundlike and the intermediate states become less prominent than the bulk embryonts by n = 11. While more complicated than originally predicted by virtue of the intermediate states, the theoretically predicted surface to internal state transition is indeed observed. It just occurs around n = 11 at our source conditions, rather than at some larger size.
In the course of sorting through these issues, it is notable that Barnett et al. proposed, after their initial predictions, the existence of a second class of surface states. 30 They referred to these as "strongly bound surface states," saying surface states are localized within what might be called surface cavities. They then proposed that these could give rise to internal-like n −1/3 trends and suggested that these were the species of our original photoelectron report 8 for n ജ 11. It seems likely 17 that these species are good candidates for the intermediates states, particularly the ones observed at larger cluster sizes.
At the cluster sizes of n = 6 and 7, two types of states are observed which deserve additional comment in order to place them in perspective. Years ago, when we first discovered that n = 6 and 7 have two distinct isomers each, we speculated that the lower electron binding energy states of each might be the more internalized ones, because they lay on the bulk n −1/3 line. [7] [8] [9] This, however, did not properly account for the excess electron's contribution to cluster volume. In accordance with the arguments already presented on excess electron well depth and hydrogen bonding, the observed intensities upon deutration, the studies of Kim et al., 15 and the calculations of K. S. Kim and co-workers, 22, 24 it is now clear that the higher electron binding energy isomers are the more internalized ones, and hence should be considered to be members of the intermediate group. The less stable species should be placed in the dipole boundlike group, although the simple three group scheme may be insufficient for classifying these particular species.
We note in our data still another basis for arguing that a transition from surface to internal excess electron states occurs at moderate water cluster anion sizes. A redetermination of the excess electron's bulk hydration entropy by Han and Bartels 46 concluded that "hydrated electrons must be enormously effective 'structure-breaking' ions." When two or more groups of species are represented in a particular photoelectron spectrum, we observe that the lower electron binding energy species are always more abundant ͑their peaks are relatively more intense͒ in the deuterated version of the spectrum than in the light hydrogen version ͑see the last column of Tables I-III͒. That is, the effect of deuteration is to induce a greater relative stabilization ͑and thus abundance͒ of the lower electron binding energy species over the higher electron binding energy species in the same spectrum. Given that higher electron binding energies must be positively correlated with the depth of excess electron wells, this implies that the lower electron binding energy species must have larger zero point energies than the more stable species with higher electron binding energies in order to explain this effect. The relative stabilization upon lowering the zero point energy due to deuteration is greater in the species with both a higher zero point energy and shallower excess electron wells, i.e., the low electron binding energy species. Since all of the species in the same spectrum have the same number of water molecules, this can only come about due to stronger hydrogen bonding in the lower ͑as compared to the higher͒ electron binding energy species. As implied by Han and Bartels, the process of hydrating ͑internalizing͒ and electron in water is one of reducing the hydrogen bonding between nearby water molecules. Thus, the change in relative peak intensities upon deuteration is consistent with a transition from strongly hydrogen bonded species with weakly bound excess electrons to less strongly hydrogen bonded structures with more deeply bound excess electrons. Consequently, the transition from dipole boundlike, to intermediate, to embryonic species is associated with increasing excess electron internalization. The group of species herein identified as bulk embryonts are the most internalized states which evolve with size into bulk hydrated electrons. Our picture of the electron internalization process is one in which the excess electron density is gradually drawn into the interior of the ͑H 2 O͒ nജ11 − embryonts as they grow in size.
There has been additional theoretical work that sheds light on internalization. Since the hydrated electron, e − ͑aq͒, is inherently an internal state at bulk, one expects the excess electrons in water cluster anions to internalize with increased cluster size. This does not mean that the excess electrons in the smallest ͑H 2 O͒ n − clusters are necessarily internalized, nor does it mean that the smallest bulk embryonts, such as at n = 11, are yet fully internalized. Kim et al. have performed 27 ab initio calculations ͑HF, MP2, and B3LYP with 6-311+ +G ** basis sets͒ on the ͑H 2 O͒ 12 − cluster and found a variety of structures with various degrees of excess electron internalization to have comparable stabilities. They found a "partially internal" structure to have good agreement with the bulk embryont vertical detachment energy. There are also some hybrid density functional calculations ͑B3LYP/ 6-311 + +G ** ͒ by Khan 47 that bear on the internalization of an excess electron in distorted cages of 24 water molecules. Three ͑H 2 O͒ 24 − isomers were found, two of which were surfacelike, while the third one was an interior state. It was noted that the isomer with its vertical detachment energy closest to our bulk embryont experimental value was the interior state. Such studies face the daunting challenges of dealing with diffuse electrons and a vast number of possible hydrogen bonding structures for many possible frameworks. 48 As computer power increases, more ab initiobased pictures are emerging of the excess electron and the fluxional nature of its cavity. 49, 50 There has also been a great deal of pertinent work in the time domain. Simulations 50, 51 and ultrafast experiments 37, 52 at bulk have demonstrated p states lying below the conduction band, while two-photon, ultrafast photoelectron experiments [34] [35] [36] have accessed p states lying below the vacuum level in hydrated electron clusters. After years of debate, it is clear 53 that there are significant contributions to the absorption spectrum from p states lying below the conduction band. Upon considering their dynamic measurements, both Paik et al. 35 and Bragg et al. 36 concluded that internalized excess electron states were likely to exist in the water cluster anions they had studied.
CONCLUSION
Cluster anion sizes at n = 2 and 3 have long been characterized as dipole bound states. 14, 20, 44 In light of the observation of surface states over a wide range of n ജ 11 cluster sizes, 17 our own observations of low electron binding energy states over a smaller range of cluster sizes ͑n =2-16͒, and other observations at n ഛ 11, 15 we interpret both the dipole boundlike and intermediate states described in the present paper as surface states at different stages along the road to internalization. The coincident observation 17 of several types of larger-size surface states along with a group similar to those herein called bulk embryonts enables a more definitive conclusion that our previously observed high VDE, water cluster anion spectra are indeed due to internally solvated electron states, i.e., bulk embryonts. Verlet et al. and ourselves have both seen and identified three types ͑groupings͒ of water cluster anion, excess electron states, i.e., an internal state and two kinds of surface states. Taken together, these studies resolve a long debate over the nature of the excess electron in water cluster anions. In the finite size regime, internalizing states of water cluster anions are embryos of bulk hydrated electrons.
